Abstract
Introduction
Stealth technology also known as low observable (LO) technology has been widely used in modern military aircrafts, such as the B-2 bomber, the F-117A fighter-bomber and the F-22 fighter, in order to improve their combat survivability [1] [2] [3] [4] . These military aircrafts incorporate stealth technology to achieve a low radar cross section (RCS) which results in the low observable characteristics that make them invisible to enemy radar, especially at long range. LO radar characteristics can be achieved by both structural design and by utilizing radar absorbing materials (RAM). Stealth aircrafts must have an aerodynamic shape and therefore cannot be designed with an ideal shape which would totally eliminate the reflected signal from their outer surfaces. Furthermore, some of the shapes are also not easy to manufacture. So, shaping an aircraft can require many compromises in the overall design. In order to overcome the aerodynamic limitation, RAM is applied to reduce the RCS. The LO radar characteristics of RAM depend on its material properties, particularly the dielectric properties and magnetic properties. By controlling the material type and thickness, loss factor and impedances, performance of the RAM can be optimized for a single narrow band frequency, multiple frequencies, or over a broad frequency spectrum. A significant reduction in the RCS may be obtained by coating the targets with RAM. RAM coatings are extensively used on the exterior surfaces of almost all stealth weapons for their LO radar characteristics, simple manufacturing process and convenience [5] . A target whose outer skin surfaces are covered with RAM coatings remains invisible to radars until it is at very close range.
Stealth technology has become a serious threat to military defense systems, which makes it urgent to develop an anti-stealth technology. Besides raising the radar detecting capability, low frequency radars, bistatic (multi-static) radar systems, ultra-wideband radars, netted radars and passive radars are effective anti-coating stealth technology [6] [7] [8] [9] [10] . However, these techniques are usually complex and come at significant cost. Passive millimeter-wave (PMMW) detection using millimeter-wave (MMW) radiometers is an attractive technology for detecting coating stealth targets owing to its relative simplicity, reduced cost and covertness compared to radars [11] . Furthermore, millimeter-wave is good at penetrating haze, fog, clods, smoke, or sandstorms with considerably less attenuation than infrared or visible light waves [12] .
The mechanism of PMMW detection of coating stealth targets is well documented [13] [14] [15] [16] , but there are no sufficient experimental data. This paper studies the method of detecting coating stealth aircrafts by employing MMW radiometers which operate at 3 mm band. MMW atmospheric attenuation and sky brightness temperature are analyzed in section 2. A calculation model for antenna temperature contrast is established in section 3, followed by detection experiments in section 4. Finally, a brief summary is given in section 5.
Millimeter-wave attenuation and sky brightness temperature
For the gaseous atmosphere at radio frequencies, scattering is not significant, so that attenuation will be due to absorption and millimeter wave absorption by atmospheric gases is dominated by water vapor and oxygen [17] . Absorption coefficient for each molecular species is a function of its abundance, temperature, pressure, and the frequency. According to the Millimeter-wave Propagation Model (MPM) [18] , the gaseous absorption coefficient k can be written as
where k O is oxygen absorption coefficient, k W is water vapor absorption coefficient, f is the frequency, and N ( f ) is the imaginary part of the complex refractivity 
where p is dry air pressure, p W is water vapor partial pressure, γ = 300/T (temperature T in degrees Kelvin).
The water vapor partial pressure may be obtained from the water vapor density  (g/m 3 ) using the expression
The modified Van Vleck-Weisskopf line shape factor is given by
where f i is the line frequency (GHz) and f is the width of the line 
and  is the pressure-induced interference:
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Dry air nonresonant spectra is expressed as 
where
The functional form of water vapor continuum spectra is   7.5 3 5
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The total atmospheric loss factor L(θ) for a path through the atmosphere is [17] 
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k(z) is the absorption coefficient at the height z. According to the horizontal atmospheric stratification, in clear sky condition, the sky brightness temperature T SKY (θ) is given in radiative transfer theory by [17] (0, ) sec
Since calculation of sky brightness temperature by formula (13) is complicated, an engineering expression is given as [19]    0 sec 0
where T 0 is the temperature on the earth's surface, and τ 0 is the zenith opacity
Water vapor and oxygen absorption coefficient change with height [20] ( ) (0) exp( 0.5 )
Thus far, the calculation has been limited to clear sky conditions, where absorption and emission are due to atmospheric gases solely. The interaction of electromagnetic radiation with particles such as clouds or rain is different and may involve both absorption and scattering, so it is much complicated to calculated sky brightness temperature in cloudy or rainy weather conditions. The measurement results of sky brightness temperatures at 3 mm band in several sky conditions are shown in Fig. 1 . As can be seen from Fig. 1 , sky brightness temperature changes with sky conditions. In cloudy condition, sky brightness temperature changed little compared with clear condition, but it changed greatly at overcast condition, and in rainy condition it varied the most.
Calculation of antenna temperature contrast
Consider the situation shown in Fig. 2 . The PMMW detection system is placed on the ground and a coating stealth aircraft is at a height of H from the ground. The antenna which is at the origin coordinates scan around the z axis at a view angle θ F .
The antenna temperature contrast ∆T A (θ F ) can be written as [21] 
where Ω T is the object solid angle, T APT (θ, φ) is the object apparent temperature, T APB (θ, φ)= T SKY is the background apparent temperature and G(θ, φ) is the antenna gain.
Fig. 2 Schematic diagram of detecting stealth aircrafts
Rotational symmetry beam antenna was adopted here and the antenna gain is given by [22] 2 0
is known as the apparent differential temperature between the target and the background. As shown in Fig. 3 , assuming that the coating stealth target is a rectangular plate and the apparent differential temperature is computed as
where ε T is emissivity of the target, ε G is emissivity of the ground, T T is physical temperature of the target, and T G is physical temperature of the ground. Make the following assumptions: θ F = 30°, T G =T 0 = 300 K, T T =T 0 -6.5h, ε G = 0.95, ε T = 0.85 and the target is a rectangular plate of 10 m × 20 m. The calculations of the apparent differential temperature for several heights are listed in Table 1 . When the target is over a large body of water, and suppose Passive Millimeter-wave Detection of Coating Stealth Aircrafts Yexin Xing, Guowei Lou, Xingguo Li emissivity of water surface is 0.65 (i.e. ε G = 0.65), the apparent differential temperature are calculated listed in Table 1 . The apparent differential temperatures in both cases are approximately equal, which means the ground environment affects little on the antenna temperature contrast of high emissivity coating target. When main beam of the antenna points to the center of the coating target, the antenna temperature contrast reaches maximum and is expressed as [23] 3 2 ( ) ( ) 1 exp cos
Fig. 3 Composition of the apparent temperature
where A T is the target area,
Suppose that ε G = 0.95, the calculated antenna temperature contrasts of the coating stealth plate are listed in Table 2 . The antenna temperature contrast decreases rapidly with height as shown in Table 2 . MMW radiometers can detect and identify the target in case of ∆T A (θ F ) ≥ 5·∆T min , (suppose ∆T min = 1K) which implies the maximum of detecting height is larger than 1 km for b = 1000 and the maximums are approximately 2 km and 6 km for b = 3000 and b = 30000 respectively.
Experiments
A series of experiments were carried out at temperature 295K in a clear day. The stealth target is a rectangular metal plate (0.5 m × 1.0 m) coated with RAM. Emissivity of the stealth coating which was measured by the Dicke radiometer measurement system is about 0.85. The 3mm band radiometer antenna gain is 36dB.
The coating stealth plate was suspended at a height of 10 m from the ground. A MMW radiometer was fixed on the ground and scanned the plate at a view angle of 30°. Fig. 4(a) describes the output voltage signal. The experiment was repeated when the target was hung over a large body of water and Fig. 4(b) shows the output signal. Fig. 4 , the output voltages are approximately the same whatever the coating stealth plate is over the ground or water. It is estimated that the average noise voltage is about 80 mV and the SNR is 28 in Fig. 4 (a) . So, when the SNR is 5 (i.e. the voltage is 400mV) and the target is 10 m × 20 m, the maximum of detecting height is about 1 km according to equation (23) . This is in good agreement with the calculation in section 4.
Conclusions
In this paper, a method of detecting coating stealth aircrafts using MMW radiometers had been proposed. The calculation and experimental results show that the antenna temperature contrast of coating stealth air targets is affected little by the ground environment. Our MMW radiometer can detect the coating target of 10 m × 20 m at height of 1 km. On the one hand, the antenna gain G 0 is increased and on the other hand, the sensitivity ∆T min is decreased in order to increase the detecting height H.
Although PMMW detection is expected to have great potentials to detect stealth aircrafts, the MMW radiometers have a number of limitations. Resonances of atmospheric constituents result in high attenuation which degrades performance. The attenuation in rain is even larger and presents a serious problem. MMW radiometers detect targets by measuring the radiation energy differences between the targets and the background. The antenna temperature contrast is a complex function of θ F , b, ε T , ε G , T SKY , and L(θ), et al. The sky brightness temperature T SKY and the MMW attenuation L(θ) increase rapidly owing to cloud or rain, which result in the significant reduction of the antenna temperature contrast.
PMMW detection is a feasible approach to detect stealth aircrafts in clear days. But it is to be appreciated that the most effective results are likely to be achieved by a combination of several methods, so as not to rely on only one method of detecting stealth aircrafts.
